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ABSTRACT
Sperm competition is a prevalent phenomenon that drives the
evolution of sperm function. High levels of sperm competition lead
to increased metabolism to fuel higher sperm velocities. This
enhanced metabolism can result in oxidative damage (including
lipid peroxidation) and damage to the membrane. We hypothesized
that in those species experiencing high levels of sperm competition
there are changes in the fatty-acid composition of the sperm
membrane that makes the membrane more resistant to oxidative
damage. Given that polyunsaturated fatty acids (PUFAs) are the
most prone to lipid peroxidation, we predicted that higher sperm
competition leads to a reduction in the proportion of sperm PUFAs.
In contrast, we predicted that levels of sperm competition should
not affect the proportion of PUFAs in somatic cells. To test these
predictions, we quantified the fatty-acid composition of sperm,
testis and liver cells in four mouse species (genus Mus) that differ
in their levels of sperm competition. Fatty-acid composition in testis
and liver cells was not associated to sperm competition levels.
However, in sperm cells, as predicted, an increase in sperm
competition levels was associated with an increase in the
proportion of saturated fatty-acids (the most resistant to lipid
peroxidation) and by a concomitant decrease in the proportion of
PUFAs. Two particular fatty acids were most responsible for this
pattern (arachidonic acid and palmitic acid). Our findings thus
indicate that sperm competition has a pervasive influence in the
composition of sperm cells that ultimately may have important
effects in sperm function.
KEY WORDS: Sperm competition, Sperm membrane,
Polyunsaturated fatty acids, PUFA, Arachidonic acid, Lipid
peroxidation
INTRODUCTION
Sperm competition occurs when the spermatozoa of two or more
males compete for the fertilization of the same ovum (Parker,
1970; Birkhead and Møller, 1998). Sperm competition is a
prevalent phenomenon and its occurrence leads to several
evolutionary adaptations both at the morphological and
physiological levels (Birkhead and Møller, 1998; Birkhead
et al., 2009; delBarco-Trillo et al., 2013). High levels of sperm
competition are associated with an increase in the production,
storage and allocation of spermatozoa (Parker and Pizzari, 2010;
delBarco-Trillo, 2011; delBarco-Trillo et al., 2013), as well as
with enhanced sperm function. For example, in rodents, high
levels of sperm competition result in a higher proportion of
spermatozoa that are morphologically normal, motile, and
capable of reaching and fertilizing the ovum (Gomendio et al.,
2006; Go´mez Montoto et al., 2011b), as well as in modifications
in sperm dimensions that may result in improvements in sperm
movement (Gomendio and Roldan, 2008; Tourmente et al.,
2011). In many taxa, sperm swimming velocity, an important
feature of sperm function, is also higher in those species that
experience high levels of sperm competition (Fitzpatrick et al.,
2009; Kleven et al., 2009; Go´mez Montoto et al., 2011a;
Tourmente et al., 2011; Lu¨pold, 2013).
Recently, it has been shown that the increase in sperm
swimming velocity observed in rodent species that experience
high levels of sperm competition is driven to a great extent by a
rise in the content of sperm ATP (Tourmente et al., 2013). That is,
in species with high levels of sperm competition there is an
increase in metabolism that allows sperm cells to swim faster.
This increased metabolism, however, may lead to a rise in the
production of reactive oxygen species (ROS). ROS can damage
lipids, proteins and DNA of sperm cells. One sperm structure that
is especially vulnerable to the oxidative stress caused by
increased levels of ROS is the sperm membrane, which is
exposed to both intracellular and extracellular ROS. The sperm
membrane is involved in sperm motility, sperm viability, and in
the processes that precede and enable the fusion of the
spermatozoon with the oocyte (Eddy and O’Brien, 1994;
Florman and Ducibella, 2006). Lipid peroxidation occurs when
lipids react with ROS and can have several negative effects on
sperm function, including structural damage to the sperm
membrane, loss of motility, and inability to undergo
capacitation and fuse with the oocyte (de Lamirande and
Gagnon, 1992; White, 1993; Aitken and Bennetts, 2006;
Costantini et al., 2010).
As already mentioned, species with high levels of sperm
competition experience a generalized enhancement in sperm
function (Go´mez Montoto et al., 2011b; Lu¨pold, 2013). Such
enhanced sperm function is not compatible with sperm cells
suffering oxidative damage. Therefore, any increased production
of ROS driven by an increase in metabolism in species with high
levels of sperm competition must somehow be counteracted in
these species. In principle, there are two main strategies to
counteract an increase in ROS: increasing the antioxidant
measures that reduce ROS, and changing structures that can be
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affected by ROS so that they become more resistant to oxidative
damage. In the case of the sperm membrane, changes in its fatty-
acid composition could diminish the incidence of lipid
peroxidation.
The sperm membrane is rich in several types of fatty acids. The
proportion of different types of fatty acids can influence many
aspects of membrane function (Hulbert and Else, 1999). A key
difference among these different types of fatty acids is their level of
unsaturation, which is determined by the number of double bonds
within the molecule (Wathes et al., 2007). Saturated fatty acids
(SFAs), monounsatured fatty acids (MUFAs), and polyunsaturated
fatty acids (PUFAs) have zero, one, or more than one double
bond, respectively. One of the most polyunsaturated PUFA is
docosahexaenoic acid (DHA), with six double bonds. The greater
the degree of polyunsaturation of fatty acids, the more susceptible
they are to lipid peroxidation (Hulbert et al., 2007). Thus, SFAs and
MUFAs are much less susceptible to lipid peroxidation, whereas
increasingly unsaturated PUFAs are more prone to lipid
peroxidation (Hulbert et al., 2007).
Only one recent comparative study has investigated the
relationship that may exist between sperm competition and the
composition of the sperm membrane (delBarco-Trillo and
Roldan, 2014). That study showed that across mammals high
levels of sperm competition are associated with a decrease in n23
PUFAs, which are the type of PUFAs most prone to peroxidation
(delBarco-Trillo and Roldan, 2014). However, that study had two
limitations. First, the range of body sizes included in that study
was wide, with species ranging from mice to elephants, which
introduced a confounding effect because mass-specific metabolic
rate (MSMR) is also associated with a decrease in the proportion
of n23 PUFAs in sperm cells (delBarco-Trillo and Roldan,
2014). Second, that comparative study could not carry out an
analysis against a control cell type, i.e., a comparison between the
fatty-acid composition of sperm cells and somatic cells.
Here we addressed the hypothesis that high levels of sperm
competition promote a decrease in PUFA content in the sperm
membrane to minimize lipid peroxidation and the ensuing
impairment of sperm function. To test this hypothesis we
quantified by gas chromatography-mass spectrometry (GC-MS)
the fatty-acid composition of different cell types (sperm, testis
and liver) in four Mus species with similar mass-specific
metabolic rates but very different levels of sperm competition
(inferred by their relative testes size). We predicted that as sperm
competition increases there would be a reduction in the
percentage of PUFAs in the membrane of sperm cells.
However, we did not expect any relationship between sperm
competition levels and fatty-acid composition of testis and liver
cell membranes.
RESULTS
We found that relative testes size (RTS) in the four species
followed the pattern that we reported in previous studies, being
lowest in M. pahari, Thomas (0.2460.06; range: 0.13–0.29),
followed by M. musculus, Linnaeus (0.3660.05; range: 0.27–
0.40), M. spretus, Lataste (1.1960.11; range: 1.05–1.34) and M.
spicilegus, Pete´nyi (1.4860.06; range: 1.41–1.55; F3,165115.3,
p,0.0001). All pairwise comparisons (except that between M.
spretus and M. spicilegus) were significantly different. Therefore,
if species differences in the percentage of a particular group of
fatty acids were to follow a pattern similar to the levels of sperm
competition inferred from RTS, then fatty-acid values should be
M. pahari,M. musculus,M. spretus,M. spicilegus if there is a
positive relation (as expected between RTS and % SFAs), or the
opposite pattern if the relation is negative (as expected between
RTS and % PUFAs).
The non-metric multidimensional scaling (NMDS) analysis
showed a separation of samples by tissue type, i.e. the fatty-acid
composition was more similar within samples of one tissue type
than between tissue types (Fig. 1). No clear separation by species
was observed for testis samples. A separation by species was
observed for liver samples, with a clear distinction between
samples from M. pahari and samples from the other three species.
Similarly, a clear separation was observed between sperm
samples from M. pahari and M. musculus, whereas sperm
samples from M. spretus and M. spicilegus were not clearly
separated from each other.
A PERMANOVA with the composition of fatty acids as
independent variables and species and tissue type as factors
indicated that fatty-acid composition differs between species,
between tissue types and that there is also a significant interaction
between species and tissue type (p,0.0001 in all cases). Post-hoc
PERMANOVAs showed that the fatty-acid composition in sperm
cells differs from that in liver cells (p,0.0001) and in testis cells
(p,0.0001). Additionally, the fatty-acid composition in sperm
cells was different between species, except between M. spretus
and M. spicilegus (p50.69 between these two species; p,0.01 for
all other pairwise comparisons).
The % SFAs differed among species in the three tissue types
(liver: F3,1654.04, p50.03, Fig. 2A; testis: F3,1654.26, p50.02,
Fig. 2B; sperm: F3,1559.9, p50.0007, Fig. 2C). A pattern
matching values of RTS in the four species was only apparent
in spermatozoa, but not in testis and liver cells, with sperm cells
in M. pahari (39.4963.34%) and M. musculus (44.0763.45%)
having significantly lower % SFAs than those of M. spretus
(57.7869.49%) and M. spicilegus (56.8467.04%; p,0.05 for all
Fig. 1. Representation of fatty-acid composition by tissue type and by
species. Non-metric multidimensional scaling analysis of fatty-acid
composition showing separation of samples by tissue type and partly
separation by species within liver samples and sperm samples (n55 for each
species, except n54 in the case of sperm data for M. spretus). Closer
distances between any two samples reflect greater similarity in their fatty-
acid composition.
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pairwise comparisons; Fig. 2C; Table 1). Thus, species with high
RTS have higher percentage of SFAs in sperm cells.
The % MUFAs differed among species in the three tissue types
(liver: F3,16535.1, p,0.0001; testis: F3,1656.57, p50.004;
sperm: F3,15521.28, p,0.0001). A pattern that inversely
matched values of RTS was only apparent in sperm cells, with
M. pahari (19.2661.72%) and M. musculus (20.2561.70%)
having higher percentages than M. spretus (11.6462.11%) and
M. spicilegus (14.9961.82%; p,0.05 for all pairwise
comparisons). That is, species with high RTS had a lower
percentage of MUFAs in sperm cells.
The % PUFAs also differed among species in the three tissue
types (liver: F3,16518.09, p,0.0001, Fig. 2D; testis: F3,1654.26,
p50.001, Fig. 2E; sperm: F3,1555.9, p50.007, Fig. 2F). A
pattern inversely matching values of RTS in the four species
was observed only in sperm cells, with decreasing percentages
of PUFAs in M. pahari (41.2462.55%), M. musculus
(35.6864.26%), M. spretus (30.5867.54%) and M. spicilegus
(28.1766.19%). Significant pairwise comparisons, however,
were only found between M. pahari and M. spretus (p50.038,
Fig. 2F) and between M. pahari and M. spicilegus (p50.007,
Fig. 2F). These results reveal a negative association between RTS
and the percentage of PUFAs in sperm cells.
Only two SFAs (16:0 and 18:0) represented each more than 5%
of all fatty acids in sperm cells. Significant differences among
species were observed for 16:0 (F3,15537.6, p,0.0001) but not
for 18:0 (F3,1550.29, p50.83; Fig. 3). All pairwise comparisons
among species for 16:0 were significant (p,0.05) except between
M. spretus and M. spicilegus (p50.83; Fig. 3). Overall, we
observed that the percentage of 16:0 in sperm cells increases as
RTS increases.
There were four PUFAs that represented more than 5% of all
fatty acids in sperm cells: 18:2n26, 20:4n26, 22:5n26 and
22:6n23. The percentage of two of these fatty acids (18:2n26
and 22:6n23) did not differ among species (18:2n26:
F3,1551.39, p50.28; and 22:6n23: F3,1551.99, p50.16;
Fig. 4). The abundance of 22:5n26 differed among species
(F3,1554.78, p50.02) but the only pairwise comparison that was
statistically significant was that between M. pahari and M.
spretus (p50.02); in any case the differences observed did not
match the pattern of RTS among these species. On the other hand,
the abundance of 20:4n26 differed among species (F3,15544.11,
p,0.0001; Fig. 4) and, in this case, such differences matched the
differences among the four species in their RTS. All pairwise
comparisons were significant (p,0.05) except that between M.
spretus and M. spicilegus (p50.99), indicating that higher RTS is
associated with a decrease in the abundance of 20:4n26.
We found a negative correlation between the percentage of
16:0 and that of 20:4n26 (partial correlation: estimate520.61,
p50.002).
DISCUSSION
We found significant differences among four mouse species in
the proportion of PUFAs in three types of tissue (sperm, testis,
liver). However, as predicted, a pattern matching the inferred
levels of sperm competition among these species was only
Fig. 2. Percentage of saturated and polyunsaturated fatty acids. The percentage of saturated fatty acids (A–C) and polyunsaturated fatty acids (D–F) are
shown for liver, testis and sperm. The modified boxplots present the following information: the bar within each box represents the sample median, each box
represents 50% of the data around the median, and the two whiskers around each box represent the 95% confidence interval (n55 for each species, except n54
in the case of sperm data for M. spretus); circles represent outliers.
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apparent in sperm cells. Specifically, we found that higher levels
of sperm competition were associated with a reduction in the
percentage of PUFAs in sperm cells. Such a reduction in the
percentage of PUFAs was associated with a concomitant increase
in the percentage of SFAs. That is, in species with high levels of
sperm competition there seems to be a decrease in the percentage
of PUFAs associated to an increase in the percentage of SFAs.
It must be borne in mind that the testis tissue analyzed must
have included mature spermatozoa within the seminiferous
tubules. Consequently, there was the possibility that the results
for testis and sperm cells would have shown some overlap, but
this was not the case (as shown in Fig. 1). This indicates that the
percentage of mature sperm cells relative to the total number of
cells in the testis is relatively low, and it also reflects the
significant changes in the fatty-acid composition of sperm cells
during their transit from the seminiferous tubules to the caudae
epididymides (i.e., during epididymal maturation) (Eddy and
O’Brien, 1994). We also found that the differences among the
four species on the percentage of PUFAs were the lowest in testes
cells. In the liver, the percentage of PUFAs was lower in M.
musculus than in the other three species; we cannot offer at this
time a satisfying explanation for this difference.
The decrease in the percentage of total PUFAs and the increase
in the percentage of total SFAs associated to high inferred levels
of sperm competition was not observed in all individual fatty
acids in sperm cells. Instead, among major fatty acids (i.e., those
with . 5% of total fatty acids) only one PUFA and only one SFA
seemed to be responsible for the overall pattern observed. That is,
in species with high levels of sperm competition there was a
decrease in the percentage of one PUFA (20:4n265arachidonic
acid) accompanied by an increase in the percentage of one SFA
(16:05palmitic acid). It is not too clear why the decrease in
arachidonic acid in species with high levels of sperm competition
is balanced by an increase in palmitic acid and not by an increase
in the other saturated fatty acid that is also abundant in the sperm
membranes of the four mouse species (i.e., 18:05stearic acid). In
contrast to the positive relationship that we found between the
percentage of palmitic acid and levels of sperm competition, the
percentage of stearic acid in spermatozoa was very similar in the
four mouse species.
Arachidonic acid is a fatty acid prone to peroxidation (Faulks
et al., 2006), so its reduction in the sperm membrane of species
with high levels of sperm competition should indeed confer some
protection against lipid peroxidation in these species. However,
following the same argument, we hypothesized that 22:6n23
(docosahexaenoic acid, DHA) would also be reduced in sperm
cells in response to high levels of sperm competition. However,
the percentage of DHA in sperm cells did not differ among the
four Mus species. A lack of relationship between the percentage
of DHA in sperm cells and sperm competition levels was also
found in a previous comparative study across mammals
(delBarco-Trillo and Roldan, 2014). It remains unclear why
increased sperm competition does not produce changes in the
proportion of DHA, especially when considering that the
proportion of DHA in mammalian sperm varies widely across
species in comparison with a low variation in somatic tissues.
Thus, while the proportion of DHA across species in heart,
skeletal muscle, liver, kidney, and brain ranges approximately
between 1% and 12% (Hulbert et al., 2002), DHA in sperm cells
ranges from very low percentages in rat (0%) and rabbit (1%) to
68% in the African elephant, with a positive association identified
between body size and the percentage of DHA (delBarco-TrilloT
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and Roldan, 2014). Our DHA values in sperm cells for Mus
species (6–9%) matches values previously reported for the
laboratory mouse (delBarco-Trillo and Roldan, 2014).
A plausible explanation to why high levels of sperm
competition lead to a reduction in the percentage of arachidonic
acid but not in the percentage of other PUFAs may be related to
the fact that arachidonic acid is a precursor compound (through
the activity of lipoxygenases and cyclo-oxygenases) of
eicosanoids, including prostaglandins (Joyce et al., 1987; Lax
et al., 1990). The oxidation of arachidonic acid into eicosanoids
results in the production of both ROS and highly reactive
metabolites, which can be relatively long-lived and act not only in
the immediate proximity of membranes but can also diffuse from
the site of their origin and damage distant targets (Esterbauer
et al., 1991; Oborna et al., 2010). Some of these metabolites, for
example 4-hydroxy-2-nonenal (HNE) originates not from n23
PUFAs but by superoxide reaction with n26 PUFAs, which could
partly explain why a reduction in the content of arachidonic acid,
instead of DHA, may be a way to prevent an escalation in
oxidative damage (Esterbauer et al., 1991). The metabolism of
arachidonic acid, and some of the resulting metabolites (e.g. 15-
HETE but also other eicosanoids) is also implicated in the
acrosome reaction (Fleming and Yanagimachi, 1984; Breitbart
and Spungin, 1997). Consequently, a reduction in the percentage
of arachidonic acid may reduce the incidence of oxidative stress
while also modifying the regulation of the acrosome reaction. For
example, a reduction in the percentage of arachidonic acid in
species with high levels of sperm competition may lead to a
higher integrity of the acrosome, or to a process of acrosomal
exocitosis (the so-called acrosome reaction) that is either delayed
or whose regulation is more finely tuned and with a different
signal threshold. All these acrosomic features should result in a
higher percentage of spermatozoa able to achieve the acrosome
reaction at the site of fertilization and not during previous stages.
In contrast to the seemingly positive effects of reducing the
content of arachidonic acid, several intraspecific studies have
reported that a decrease in the percentage of arachidonic acid can
be associated with a decrease in sperm viability and function: In
humans, spermatozoa from asthenozoospermic patients contained
lower percentages of arachidonic acid than those of
normozoospermic men (Tavilani et al., 2007); in bulls, lower
semen quality occurs during the summer, when the contents of
arachidonic acid in spermatozoa membranes are also lower
(Argov et al., 2007); and epididymal spermatozoa from red deer
living in lead mining areas, besides experiencing decreased
membrane viability and acrosome integrity (Reglero et al., 2009),
contained 50% less arachidonic acid than in control areas
(Castellanos et al., 2010).
Sperm cells are normally portrayed as having higher PUFA
content and thus being more vulnerable to oxidative damage than
other cell types (Mann and Lutwak-Mann, 1981; White, 1993;
Aitken, 1997; Sikka, 2001). Such high PUFA content in sperm
cells is also thought to confer fluidity to the sperm membrane and
be important in the regulation of lipid metabolism and cell
Fig. 4. Percentage of the most abundant polyunsaturated fatty acids in sperm cells. The four polyunsaturated fatty acids that compose more than 5% of
the fatty acids in sperm cells are represented. The modified boxplots present the following information: the bar within each box represents the sample median,
each box represents 50% of the data around the median, and the two whiskers around each box represent the 95% confidence interval (n55 for each species,
except n54 in the case of sperm data for M. spretus); circles represent outliers.
Fig. 3. Percentage of the most abundant saturated
fatty acids in sperm cells. The two saturated fatty
acids that compose more than 5% of the fatty acids in
sperm cells are represented. The modified boxplots
present the following information: the bar within each
box represents the sample median, each box
represents 50% of the data around the median, and the
two whiskers around each box represent the 95%
confidence interval (n55 for each species, except n54
in the case of sperm data for M. spretus); circles
represent outliers.
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movement (Stubbs and Smith, 1984; Gliozzi et al., 2009). This
may be the case in large-sized species, such as humans and
ungulates, given that a positive relationship exists between body
size and the percentage of n23 PUFAs in sperm cells (delBarco-
Trillo and Roldan, 2014), but the present study indicates that in
rodents (at least in Mus species), sperm cells have lower levels of
polyunsaturation than somatic cells, regardless of sperm
competition levels. The percentage of PUFAs in sperm cells for
M. pahari and M. musculus is similar to what has been reported in
the literature for laboratory M. musculus (delBarco-Trillo and
Roldan, 2014), whereas the percentage is even lower in M.
spretus and M. spicilegus. The percentage of PUFAs in testis and
liver cells, however, are higher than in sperm cells and quite
similar in the four species. In conclusion, in Mus species sperm
cells have generally a low content of PUFAs and high levels of
sperm competition can reduce even further the amount of PUFAs
in the sperm membrane.
MATERIALS AND METHODS
Ethics
The research protocol was approved by the Ethics Committee of the
Spanish Research Council (CSIC). All procedures were carried out
following Spanish Animal Protection Regulation RD53/2013, which
conforms to European Union Regulation 2010/63.
Animals
We studied adult males (4–6 months of age) from four species of mice
from the genus Mus: M. pahari, M. musculus, M. spretus, and M.
spicilegus. These animals come from wild-derived colonies, which have
been kept in captivity for only a few generations. Animals were
maintained under standard conditions (14 h light–10 h darkness, 22–
24 C˚), with food (rodent chow, Harlan Laboratories) and water provided
ad libitum. All males used in this study were housed individually for at
least a month before sampling to eliminate the possibility that males had
a different perceived risk of sperm competition.
We selected the four aforementioned species because they exhibit very
different levels of sperm competition, as revealed by their relative testes
size (testes size relative to body mass). Relative testes size (RTS) has
been shown to reflect sperm competition levels in rodents (Ramm et al.,
2005; Long and Montgomerie, 2006; Bryja et al., 2008; Firman and
Simmons, 2008; Soulsbury, 2010). Mus pahari has a low RTS, M.
musculus has a low-intermediate RTS, M. spretus has an intermediate-
high RTS, and M. spicilegus has a high RTS (Go´mez Montoto et al.,
2011b).
Obtaining liver, testis and sperm samples
Males (n55 for each species) were sacrificed by cervical dislocation and
weighed. Testes were removed and weighed. One testis and a piece of
liver were placed in separate cryovial tubes, snap-frozen in liquid
nitrogen and then stored at280 C˚. Mature sperm were collected from the
caudae epididymides and vasa deferentia by placing the tissue in a Petri
dish containing Hepes-buffered modified Tyrode’s medium (mT-H; Shi
and Roldan, 1995) pre-warmed to 37 C˚, making several cuts and
allowing sperm to swim out for a period of 5 min. We used a
hemocytometer to estimate the sperm concentration in the suspension.
We then placed a volume of this suspension, containing approximately 9
6 106 spermatozoa, in a cryovial and added mT-H to a final volume of
480 ml. We snap-froze each sperm sample in liquid nitrogen and then
stored frozen samples at 280 C˚ until fatty acid methyl esterification and
extraction of the corresponding fatty-acid methyl esters (FAMEs). One
sperm sample from M. spretus was lost after the collection phase, so n54
for sperm data from M. spretus.
Extraction of FAMEs from sperm samples
Immediately after thawing, samples were centrifuged 10 min at 18,6206
g at 6 C˚. We removed the supernatant, added 600 ml of 0.9% NaCl,
vortexed and centrifuged again with the same settings. After removing
the supernatant, we added 1 ml H2SO4 to the sperm pellet, vortexed and
transferred these contents to a large tube glass containing 70 mg Na2SO4,
and 20 ml of a solution of 0.2 mg tridecanoic acid/ml methanol. The
tridecanoic acid (C13:0) was used as an internal standard. To reduce the
concentration of oxygen, each tube was placed under a current of
nitrogen during 5–10 seconds and closed immediately. Tubes were
vortexed and heated at 80 C˚ during 6 hours and then at 60 C˚ overnight.
We then added 1.5 ml milliQ water and 0.4 ml hexane to each tube.
Tubes were shaken horizontally for 10 min, vortexed and centrifuged.
The hexane solution in each tube was transferred to a chromatography
vial.
Extraction of FAMEs from liver and testis samples
After weighing a piece of the organ, we ground it in a mortar with a ratio
of 9 parts Na2SO4:1 part organ. We placed the resulting content in a large
glass tube together with 20 ml of a solution of 10 mg tridecanoic acid/ml
methanol and 3 ml H2SO4. Each tube was placed under a current of
nitrogen during 5–10 seconds and closed immediately. Tubes were
vortexed and heated at 80 C˚ during 6 hours and then at 60 C˚ overnight.
We then added 3 ml milliQ water and 1.8 ml hexane to each tube. Tubes
were shaken horizontally for 10 min, vortexed and centrifuged. Each
hexane solution was transferred to a chromatography vial.
Identification and quantification of FAMEs
We injected 1 ml of each FAME solution in an Agilent Technologies
6890N GC Network System with a 7683 series injector and coupled to an
electronic impact-mass spectrometry detector (EI-MS; 5973N MSD;
Agilent Technologies). The capillary column used was a BPX70 column
(30 m60.25 mm i.d., 0.25 mm film thickness; SGE Analytical Science).
The injector in split mode (20:1) was set at a temperature of 270 C˚ and
the oven was maintained for 5 min at 100 C˚ after injection and then
increased to 240 C˚ at a ramp rate of 2.5 C˚/min. The carrier gas was
helium at a flow rate of 1.2 ml/min. The source inlet of the mass
spectrometer was held at 230 C˚ and 70 V. The identification and
quantification of FAMEs was achieved by comparison to retention times
of FAME reference standards (FAMQ-005, AccuStandard, New Haven,
USA) and other FAMEs identified before in liver, testis and sperm
samples with the same analytical method (Reglero et al., 2009;
Castellanos et al., 2010), and by their mass spectra. Calibration curves
were performed with FAMEs concentrations ranging from 0.06 ng/ml to
11.89 ng/ml. Blanks were processed with each batch of samples.
Statistical analyses
All statistical analyses were conducted using R version 2.15.2 (R Core
Team, 2012). Percentage data were arcsine transformed (calculating
arcsine of the square root of the variable) prior to analyses. Average
values are reported as mean6s.d. Significance level (a) was set at 0.05
for all the tests.
To test whether the relative testes size (RTS) of the animals that we
sampled followed the predicted pattern (i.e., lowest RTS in M. pahari and
then progressively higher in M. musculus, M. spretus and M. spicilegus),
we carried out an ANOVA to determine if RTS differed among species.
The RTS values were calculated using the formula RTS5testes mass/
0.0316 body mass0.77 (Kenagy and Trombulak, 1986).
To obtain an initial assessment of the similarities among samples
depending on tissue type and species, we reduced the
multidimensionality of the fatty-acid information to two arbitrary
dimensions, the location of samples in the resulting two-dimensional
space representing their fatty-acid composition, with closer distances
between two samples reflecting greater similarity in their fatty-acid
composition. Principal component analysis was not an appropriate
technique because we had a sparse matrix (i.e. there were many zeros)
that did not approximate multivariate normality despite several
transformation attempts (McCune and Grace, 2002). The most
appropriate technique was non-metric multidimensional scaling
(NMDS), which is robust to a large number of zeros and does not
assume multivariate normality (McCune and Grace, 2002; Zuur et al.,
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2007). We implemented a Kruskal NMDS using the R function isoMDS
in the MASS package and selecting two dimensions. Given that NMDS
does not offer any formal statistical test, we also conducted
PERMANOVAs (using the function adonis in R) to determine if the
compositional differences in fatty acids differed significantly between
species and between tissue types.
For the fatty-acid variables under study (see below), we carried out an
ANOVA for each tissue type. Normality was checked with the Shapiro-
Wilk test and homogeneity of variances with the Bartlett test. When
necessary, pairwise comparisons were conducted using the Tukey Honest
Significant Difference method (using the function TukeyHSD in R). We
considered two types of fatty-acid variables. First, we used three
variables that summarized a subset of fatty acids: % SFA, % MUFA, and
% PUFA. Second, we considered those SFAs and PUFAs that represented
at least 5% of the total of fatty acids in sperm cells. After detecting
significant differences among species in the proportion of one SFA (16:0)
and one PUFA (20:4n26), we performed a partial correlation (using the
function pcor.test in R) to determine if there was a significant relationship
between the proportions of these two fatty acids across samples while
controlling for species.
List of abbreviations
DHA, docosahexaenoic acid; EI-MS, electronic impact-mass
spectrometry detector; FAME, fatty-acid methyl ester; GC-MS, gas
chromatography-mass spectrometry; HNE, 4-hydroxy-2-nonenal; mT-H,
Hepes-buffered modified Tyrode’s medium; MSMR, mass-specific
metabolic rate; MUFA, monounsatured fatty acid; NMDS, non-metric
multidimensional scaling; PUFA, polyunsaturated fatty acid; ROS,
reactive oxygen species; RTS, relative testes size; SFA, saturated fatty
acid.
Acknowledgements
We thank Pablo R. Camarero for his technical assistance in many phases of
the study. We are grateful to Annie Orth and Franc¸ois Bonhomme (Institut
des Sciences de l’Evolution de Montpellier, CNRS-Universite´ Montpellier 2,
France) for facilitating access to animals. We also thank Juan Antonio Rielo for
managing the animal facilities and Esperanza Navarro for animal care at the
Museo Nacional de Ciencias Naturales (CSIC). We appreciate the comments of
Dr. Colin Olito and two anonymous reviewers on an earlier version of the
manuscript.
Competing interests
The authors declare no competing or financial interests.
Author contributions
J.d.-T. participated in the design of the study, collected and processed samples,
performed the statistical analyses, and drafted the manuscript. R.M. participated
in the processing of samples and helped to draft the manuscript. E.R.S.R.
participated in the design of the study, and helped to draft the manuscript. All
authors read and approved the final manuscript.
Funding
This work was supported by a Ramo´n y Cajal fellowship from the Spanish Ministry
of Economy and Competitiveness [RYC-2011-07943]; and a Marie Curie Career
Integration Grant [PCIG11-GA-2012-321888] to J.d.-T.; and grants from the
Spanish Ministry of Economy and Competitiveness [CGL2011-26341 to E.R.S.R.,
and CGL2012-37423 to J.d.-T.].
References
Aitken, R. J. (1997). Molecular mechanisms regulating human sperm function.
Mol. Hum. Reprod. 3, 169-173.
Aitken, R. J. and Bennetts, L. (2006). Reactive oxygen species: friend or foe. In
The Sperm Cell (ed. C. De Jonge and C. Barratt), pp. 170-193. Cambridge:
Cambridge University Press.
Argov, N., Sklan, D., Zeron, Y. and Roth, Z. (2007). Association between
seasonal changes in fatty-acid composition, expression of VLDL receptor and
bovine sperm quality. Theriogenology 67, 878-885.
Birkhead, T. R. and Møller, A. P. (1998). Sperm Competition and Sexual
Selection. San Diego, CA: Academic Press.
Birkhead, T. R., Hosken, D. J. and Pitnick, S. (2009). Sperm Biology: An
Evolutionary Perspective. Burlington, MA: Academic Press.
Breitbart, H. and Spungin, B. (1997). The biochemistry of the acrosome reaction.
Mol. Hum. Reprod. 3, 195-202.
Bryja, J., Patzenhauerova´, H., Albrecht, T., Mosˇansky´, L., Stanko, M. and
Stopka, P. (2008). Varying levels of female promiscuity in four Apodemus mice
species. Behav. Ecol. Sociobiol. 63, 251-260.
Castellanos, P., Reglero, M. M., Taggart, M. A. and Mateo, R. (2010). Changes
in fatty acid profiles in testis and spermatozoa of red deer exposed to metal
pollution. Reprod. Toxicol. 29, 346-352.
Costantini, D., Rowe, M., Butler, M. W. and McGraw, K. J. (2010). From
molecules to living systems: historical and contemporary issues in oxidative
stress and antioxidant ecology. Funct. Ecol. 24, 950-959.
de Lamirande, E. and Gagnon, C. (1992). Reactive oxygen species and human
spermatozoa. I. Effects on the motility of intact spermatozoa and on sperm
axonemes. J. Androl. 13, 368-378.
delBarco-Trillo, J. (2011). Adjustment of sperm allocation under high risk of
sperm competition across taxa: a meta-analysis. J. Evol. Biol. 24, 1706-1714.
delBarco-Trillo, J. and Roldan, E. R. S. (2014). Effects of metabolic rate and
sperm competition on the fatty-acid composition of mammalian sperm. J. Evol.
Biol. 27, 55-62.
delBarco-Trillo, J., Tourmente, M. and Roldan, E. R. S. (2013). Metabolic rate
limits the effect of sperm competition on mammalian spermatogenesis. PLoS
ONE 8, e76510.
Eddy, E. M. and O’Brien, D. A. (1994). The spermatozoon. In The Physiology of
Reproduction, Vol. 1 (ed. E. Knobil and J. D. Neill), pp. 29-77. New York, NY:
Raven Press.
Esterbauer, H., Schaur, R. J. and Zollner, H. (1991). Chemistry and
biochemistry of 4-hydroxynonenal, malonaldehyde and related aldehydes.
Free Radic. Biol. Med. 11, 81-128.
Faulks, S. C., Turner, N., Else, P. L. and Hulbert, A. J. (2006). Calorie restriction
in mice: effects on body composition, daily activity, metabolic rate, mitochondrial
reactive oxygen species production, and membrane fatty acid composition. J.
Gerontol. A Biol. Sci. Med. Sci. 61, 781-794.
Firman, R. C. and Simmons, L. W. (2008). The frequency of multiple paternity
predicts variation in testes size among island populations of house mice. J. Evol.
Biol. 21, 1524-1533.
Fitzpatrick, J. L., Montgomerie, R., Desjardins, J. K., Stiver, K. A., Kolm, N.
and Balshine, S. (2009). Female promiscuity promotes the evolution of faster
sperm in cichlid fishes. Proc. Natl. Acad. Sci. USA 106, 1128-1132.
Fleming, A. D. and Yanagimachi, R. (1984). Evidence suggesting the importance
of fatty acids and the fatty acid moieties of sperm membrane phospholipids in
the acrosome reaction of guinea pig spermatozoa. J. Exp. Zool. 229, 485-489.
Florman, H. M. and Ducibella, T. (2006). Fertilization in mammals. In Knobil and
Neill’s Physiology of Reproduction (ed. J. D. Neill), pp. 55-112. San Diego, CA:
Elsevier.
Gliozzi, T. M., Zaniboni, L., Maldjian, A., Luzi, F., Maertens, L. and Cerolini, S.
(2009). Quality and lipid composition of spermatozoa in rabbits fed DHA and
vitamin E rich diets. Theriogenology 71, 910-919.
Gomendio, M. and Roldan, E. R. S. (2008). Implications of diversity in sperm size
and function for sperm competition and fertility. Int. J. Dev. Biol. 52, 439-447.
Gomendio, M., Martin-Coello, J., Crespo, C., Magan˜a, C. and Roldan, E. R. S.
(2006). Sperm competition enhances functional capacity of mammalian
spermatozoa. Proc. Natl. Acad. Sci. USA 103, 15113-15117.
Go´mez Montoto, L., Varea Sa´nchez, M., Tourmente, M., Martı´n-Coello, J.,
Luque-Larena, J. J., Gomendio, M. and Roldan, E. R. S. (2011a). Sperm
competition differentially affects swimming velocity and size of spermatozoa
from closely related muroid rodents: head first. Reproduction 142, 819-830.
Go´mez Montoto, L., Magan˜a, C., Tourmente, M., Martı´n-Coello, J., Crespo, C.,
Luque-Larena, J. J., Gomendio, M. and Roldan, E. R. S. (2011b). Sperm
competition, sperm numbers and sperm quality in muroid rodents. PLoS ONE 6,
e18173.
Hulbert, A. J. and Else, P. L. (1999). Membranes as possible pacemakers of
metabolism. J. Theor. Biol. 199, 257-274.
Hulbert, A. J., Rana, T. and Couture, P. (2002). The acyl composition of
mammalian phospholipids: an allometric analysis. Comp. Biochem. Physiol. B
132, 515-527.
Hulbert, A. J., Pamplona, R., Buffenstein, R. and Buttemer, W. A. (2007). Life
and death: metabolic rate, membrane composition, and life span of animals.
Physiol. Rev. 87, 1175-1213.
Joyce, C. L., Nuzzo, N. A., Wilson, L., Jr and Zaneveld, L. J. D. (1987). Evidence
for a role of cyclooxygenase (prostaglandin synthetase) and prostaglandins in the
sperm acrosome reaction and fertilization. J. Androl. 8, 74-82.
Kenagy, G. J. and Trombulak, S. C. (1986). Size and function of mammalian
testes in relation to body size. J. Mammal. 67, 1-22.
Kleven, O., Fossøy, F., Laskemoen, T., Robertson, R. J., Rudolfsen, G. and
Lifjeld, J. T. (2009). Comparative evidence for the evolution of sperm swimming
speed by sperm competition and female sperm storage duration in passerine
birds. Evolution 63, 2466-2473.
Lax, Y., Grossman, S., Rubinstein, S., Magid, N. and Breitbart, H. (1990). Role
of lipoxygenase in the mechanism of acrosome reaction in mammalian
spermatozoa. Biochim. Biophys. Acta 1043, 12-18.
Long, T. A. F. and Montgomerie, R. (2006). Ejaculate investment in a
promiscuous rodent, Peromyscus maniculatus: effects of population density
and social role. Evol. Ecol. Res. 8, 345-356.
Lu¨pold, S. (2013). Ejaculate quality and constraints in relation to sperm
competition levels among eutherian mammals. Evolution 67, 3052-3060.
Mann, T. and Lutwak-Mann, C. (1981). Male Reproductive Function and Semen.
New York, NY: Springer-Verlag.
RESEARCH ARTICLE Biology Open (2015) 4, 466–473 doi:10.1242/bio.201411288
472
B
io
lo
g
y
O
p
e
n
McCune, B. and Grace, J. B. (2002). Analysis of Ecological Communities.
Gleneden Beach, OR: MJM Software Design.
Oborna, I., Wojewodka, G., De Sanctis, J. B., Fingerova, H., Svobodova, M.,
Brezinova, J., Hajduch, M., Novotny, J., Radova, L. and Radzioch, D.
(2010). Increased lipid peroxidation and abnormal fatty acid profiles in seminal
and blood plasma of normozoospermic males from infertile couples. Hum.
Reprod. 25, 308-316.
Parker, G. A. (1970). Sperm competition and its evolutionary consequences in the
insects. Biol. Rev. Camb. Philos. Soc. 45, 525-567.
Parker, G. A. and Pizzari, T. (2010). Sperm competition and ejaculate economics.
Biol. Rev. Camb. Philos. Soc. 85, 897-934.
R Core Team (2012). R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0.
Available at: http://www.R-project.org.
Ramm, S. A., Parker, G. A. and Stockley, P. (2005). Sperm competition and the
evolution of male reproductive anatomy in rodents. Proc. Biol. Sci. 272, 949-955.
Reglero, M. M., Taggart, M. A., Castellanos, P. and Mateo, R. (2009). Reduced
sperm quality in relation to oxidative stress in red deer from a lead mining area.
Environ. Pollut. 157, 2209-2215.
Shi, Q. X. and Roldan, E. R. S. (1995). Bicarbonate/CO2 is not required for zona
pellucida- or progesterone-induced acrosomal exocytosis of mouse
spermatozoa but is essential for capacitation. Biol. Reprod. 52, 540-546.
Sikka, S. C. (2001). Relative impact of oxidative stress on male reproductive
function. Curr. Med. Chem. 8, 851-862.
Soulsbury, C. D. (2010). Genetic patterns of paternity and testes size in
mammals. PLoS ONE 5, e9581.
Stubbs, C. D. and Smith, A. D. (1984). The modification of mammalian
membrane polyunsaturated fatty acid composition in relation to membrane
fluidity and function. Biochim. Biophys. Acta 779, 89-137.
Tavilani, H., Doosti, M., Nourmohammadi, I., Mahjub, H., Vaisiraygani, A.,
Salimi, S. and Hosseinipanah, S. M. (2007). Lipid composition of spermatozoa
in normozoospermic and asthenozoospermic males. Prostaglandins Leukot.
Essent. Fatty Acids 77, 45-50.
Tourmente, M., Gomendio, M. and Roldan, E. R. (2011). Sperm competition and
the evolution of sperm design in mammals. BMC Evol. Biol. 11, 12.
Tourmente, M., Rowe, M., Gonza´lez-Barroso, M. M., Rial, E., Gomendio, M.
and Roldan, E. R. S. (2013). Postcopulatory sexual selection increases ATP
content in rodent spermatozoa. Evolution 67, 1838-1846.
Wathes, D. C., Abayasekara, D. R. E. and Aitken, R. J. (2007). Polyunsaturated
fatty acids in male and female reproduction. Biol. Reprod. 77, 190-201.
White, I. G. (1993). Lipids and calcium uptake of sperm in relation to cold shock
and preservation: a review. Reprod. Fertil. Dev. 5, 639-658.
Zuur, A. F., Ieno, E. N. and Smith, G. M. (2007). Analysing Ecological Data. New
York, NY: Springer.
RESEARCH ARTICLE Biology Open (2015) 4, 466–473 doi:10.1242/bio.201411288
473
B
io
lo
g
y
O
p
e
n
